
Success Rates of Nuclear Short Tandem Repeat Typing from Different 
Skeletal Elements

Aim To evaluate trends in DNA typing success rates of different skel-
etal elements from mass graves originating from conflicts that occurred 
in the former Yugoslavia (Bosnia and Herzegovina and Kosovo) during 
the 1990s, and to establish correlation between skeletal sample age and 
success of high throughput short tandem repeat (STR) typing in the 
large data set of the International Commission on Missing Persons.

Method DNA extraction and STR typing have been attempted on 
over 25 000 skeletal samples. The skeletal samples originated from dif-
ferent geographical locations where the conflicts occurred and from 
different time periods from 1992 to 1999. DNA preservation in these 
samples was highly variable, but was often significantly degraded and of 
limited quantity. For the purpose of this study, processed samples were 
categorized according to skeletal sample type, sample age since death, 
and success rates tabulated.

Results Well-defined general trends in success rates of DNA analyses 
were observed with respect to the type of bone tested and sample age. 
The highest success rates were observed with samples from dense cor-
tical bone of weight-bearing leg bones (femur 86.9%), whereas long 
bones of the arms showed significantly lower success (humerus 46.2%, 
radius 24.5%, ulna 22.8%). Intact teeth also exhibited high success rates 
(teeth 82.7%). DNA isolation from other skeletal elements differed 
considerably in success, making bone sample selection an important 
factor influencing success.

Conclusion The success of DNA typing is related to the type of skeletal 
sample. By carefully evaluating skeletal material available for forensic 
DNA testing with regard to sample age and type of skeletal element 
available, it is possible to increase the success and efficiency of forensic 
DNA testing.
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The aftermath of the 1992-1995 conflict in the 
area of former Yugoslavia was marked with esti-
mated 40 000 missing individuals. To address the 
issue of missing persons, the International Com-
mission on Missing Persons (ICMP) was creat-
ed in 1996 following the G-7 Summit in Lyon, 
France. ICMP’s mandate was expanded to also 
cover the DNA typing of missing persons result-
ing from 1999 conflict in Kosovo region.

ICMP employs a “population based, DNA-
led” identification system for the identification of 
missing persons in the region of former Yugosla-
via. On a regional scale, DNA profiles from refer-
ence samples of living relatives of missing persons 
are continuously compared in a batch mode to 
the DNA profiles obtained from mortal remains 
of victims. To date, more than 84 000 blood sam-
ples representing over 28 000 missing individuals 
have been collected, analyzed, and entered into 
the database. Since 2001, short tandem repeat 
(STR) profiles from more than 21 000 skeletal 
samples, representing more than 15 000 differ-
ent individuals, have also been entered into the 
ICMP database (1). DNA matching reports of 
greater than 99.95% probability of identity have 
been issued for over 11 600 individuals.

ICMP DNA laboratories currently operate 
at a target rate of 105 bone or tooth extractions 
per day, using a silica-based extraction method 
(1-3). Bone and teeth samples tested are between 
8 and 15 years post mortem. The quality of DNA 
preservation in these bones is highly variable and 
often substantially limited or/and degraded. This 
reflects the fact that the remains were buried or 
disposed in many different environmental con-
texts, with differential exposure to potentially 
harsh extrinsic factors such as temperature, UV 
radiation, humidity, and exposure to animals, 
insects, and microbes. Different disposal condi-
tions are marked by burial in different soil types, 
complete or partial immersion of remains in wa-
ter, contact with fire, or use of plastic sheeting. 
Microbial degradation is variably evidenced in 
these samples by both bone morphology and co-

extraction of sometimes large amounts of micro-
bial DNA (our unpublished observation). As al-
ways in this type of work, co-extraction of DNA 
inhibitors is a serious issue, and is also variable 
among samples.

Bone and teeth samples clearly protect DNA 
through their physical and/or chemical robust-
ness to environmental degradation and/or bio-
logical attack. An elementary manifestation of 
this is that bone and teeth are often the only sur-
viving material that can be tested. However, the 
mechanisms by which DNA is preserved in bone 
are not very well characterized (4). Bone tissue 
is primarily composed of protein and miner-
al. The two most abundant proteins in bone tis-
sue are collagen and osteocalcin. Approximately 
70% of the mineral portion of the bone is com-
posed of hydroxyapatite, which includes cal-
cium phosphate, calcium carbonate, calcium 
fluoride, calcium hydroxide, and citrate. Struc-
tural arrangement of bone tissue is such that 
the mineral portion provides structural support 
to the protein portion in the bone and, by do-
ing so, physically excludes exogenous/extracellu-
lar agents/enzymes that are potentially harmful 
to the protein portion of the bone (4). DNA has 
a very strong affinity for hydroxyapatite. DNA 
degradation is linked to the loss of crystallinity in 
the hydroxyapatite, but it may also be related to 
the loss of collagen (5).

Overall, it seems reasonable to suppose that 
the characteristics of the bone that are correlat-
ed with its general long term survival, ie its resis-
tance to morphological degradation at the mac-
roscopic and microscopic level, would be those 
that contribute to the protection of DNA from 
degradation. Bone density, ie the extent of min-
eralization, is one of the most important intrin-
sic factors in survival of bone material. There is 
a significant difference in bone density between 
men and women, with the latter showing lower 
density values. The difference in bone density is 
also specific for different areas of the skeletal ele-
ment morphology, with the highest density val-
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ues noted for the mid-shaft region (6). Teeth are 
the hardest tissue in the human body because of 
the dental enamel (7).

To know which bones best preserve DNA 
is of fundamental importance to DNA identi-
fication casework in mass fatality incidents and 
mass graves from armed conflict or genocide. The 
question equally applies to “ancient DNA” anal-
yses in archaeological or human molecular evo-
lutionary investigations. Despite the logical ex-
pectation that denser, more intact bones may be 
preferable, there is very little empirical data pub-
lished on this issue (8). We also note that a suc-
cessful recovery of DNA is linked not only to the 
degree of protection within the bone, but also the 
total amount of starting DNA. One reason for 
the lack of precise information on the best sam-
ples for DNA testing from degraded bone is the 
difficulty in performing controlled experiments, 
with regard to the effect of relevant environmen-
tal variables, inter-individual variation (related to 
for example sex or age), the long periods of time 
involved, and the need for large sample size.

The aim of our study was to analyze DNA 
typing success rates from very large sample sizes 
of various skeletal elements from victims of con-
flict in the former Yugoslavia. Given the large 
number of variables affecting DNA preservation, 
a large sample size helps to average out the influ-
ences of a wide range of environmental contexts 
and permit general conclusions. Further, we di-
vided our data into three time periods, with re-
spect to time since death. This allows the analy-
sis of the relative rate of degradation in different 
skeletal elements over time. These empirical data 
can serve as a useful guide to sampling strategies 
from degraded skeletal remains.

Materials and methods

Samples and success rates

Skeletal samples, including teeth, received by 
ICMP over a 6-year period (2001-2007) were 

categorized according to the type of skeletal el-
ement (when known), as well as to the conflict 
period when the victims were killed. In many 
instances graves could be attributed to particu-
lar events or time periods and we reported on 
samples from the following categories: individu-
als killed in 1992 at the outset of the conflict in 
Bosnia and Herzegovina (BH), individuals killed 
in 1995 as part of the Srebrenica-related massa-
cres in BH, and individuals killed in 1999 in the 
Kosovo conflict. The skeletal remains were re-
covered from a wide variety of contexts relating 
to disposal sites, although a great majority was 
recovered from mass graves covered with soil. 
There was not a strong correlation between the 
date of death/initial burial and the date of ex-
humation/recovery. After exhumation, samples 
were stored by various agencies under a variety of 
conditions, ranging from cool storage at 10°C to 
relatively uniform room temperature to seasonal-
ly fluctuating temperatures including significant 
summer heat.

To classify success rates of DNA typing, suc-
cess was defined as the recovery of genetic data 
from 12 or more loci of the Promega Power-
Plex 16 multiplex (PP16, Promega Corporation, 
Mannheim, Germany), with successful results 
required for the amelogenin locus. For ~ 90% of 
the samples, this would reflect the combined re-
sults from two separate DNA extractions per-
formed routinely, with a variable number of 
amplification attempts from each, but rarely ex-
ceeding three; if both attempts to extract DNA 
failed, this was counted as a single attempt and a 
single failure.

According to ICMP guidelines, different 
skeletal elements are sampled in a rather uniform 
manner for each sample type (data not shown), 
with the aim of including as much dense cortical 
bone as the specimen would allow in a ~ 5 g min-
imum portion. However, ICMP is directly in 
control of the sampling process in less than 50% 
of cases, so there is a potential for significant vari-
ation. Whether sampled by the ICMP or not, 



Miloš et al: Success Rates of Nuclear STR Typing from Skeletal Elements

489

long bones from the limbs were nearly always 
sampled from dense mid-shaft regions. Favored 
teeth would be intact (devoid of cracks and car-
ies) molars, premolars, and canines (in that or-
der), followed by any intact tooth.

Bone sample preparation and extraction

Cleaning and grinding of skeletal samples, DNA 
extraction, quantification, and amplification set-
up were conducted in a dedicated pre-amplifica-
tion laboratory area with rigorous procedures for 
avoiding contamination. Bone/tooth process-
ing and DNA extraction was conducted as pre-
viously reported (1), using a silica-binding DNA 
extraction method (3), based on modifications 
to the QIAamp DNA Blood Maxi kit (Qiagen, 
Hilden, Germany).

DNA quantitation and amplification

The amount of isolated amplifiable human DNA 
in a sample extract was quantified using the ABI 
Quantifiler™ Human DNA Quantification Kit, 
(Applied Biosystems, Foster City, CA, USA) 
using either an ABI 7000 or 7500 real time de-
tection instrument (Applied Biosystems). DNA 
amplification and STR typing were performed 
using the commercially available Promega Pow-
erPlex® 16 System. For samples with more than 
10 pg/µL human DNA, polymerase chain reac-
tion (PCR) was set up in a 25 µL reaction con-
sisting of 2.5 µL of Gold ST*R 10X Buffer (Pro-
mega), 2.5 µL of PowerPlex® 16 Primer Pair Mix 
(Promega), 5 units of AmpliTaq Gold® poly-
merase (Applied Biosystems), and typically 9 µL 
of ddH20 and 10 µL of DNA extract (DNA 
extract amounts differed, depending on the re-
sponse to inhibition, DNA concentration or 
other factors). For samples with less than 10 
pg/µL, PCR was typically set up in a 25 µL reac-
tion consisting of 2.5 µL of Gold ST*R 10X Buf-
fer (Promega), 2.75 µL of PowerPlex® 16 Prim-
er Pair Mix (Promega), 7.5 unit of AmpliTaq 
Gold® polymerase (Applied Biosystems), 3.25 µL 
of double distilled H2O, and 15 µL of DNA tem-

plate. Thermocycling parameters were as follows: 
95°C for 11 minutes, 96°C for 1 minute, 10 cy-
cles of 94°C for 30 seconds, 60°C for 30 seconds, 
70°C for 90 seconds, 24 cycles of 90°C for 30 sec-
onds, 60°C for 30 seconds, 70°C for 90 seconds, 
and 60°C for 45 minutes.

Sequencing and analysis

Detection and analysis of amplified STRs were 
carried out on ABI PRISM® 3100 Genetic Ana-
lyzer System using the POP-4 polymer (Applied 
Biosystems) and the collection software, version 
1.0 or 1.1 (Applied Biosystems). Data was ana-
lyzed using GeneScan®, version 3.7, Genotyper®, 
version 3.7 (both Applied Biosystems), and Pow-
erTyper 16 Macro, version 2 (Promega). Statisti-
cal analysis of 95% confidence intervals was cal-
culated using the Wald method.

Results

The nuclear STR typing success rate from 25 361 
bone or tooth samples from victims of armed 
conflict in the former Yugoslavia, with success 
defined as recovery of data from 12 or more PP16 
loci, was 75.4%. The success rate differed great-
ly among the types of skeletal elements (Table 1, 
Figure 1). Results were tabulated for three differ-

Figure 1. Trends in DNA typing success rates for various skeletal elements dating to dif-
ferent years of conflict. Closed bars – Kosovo 1999; open bars – Srebrenica 1995; gray 
bars – Bosnia and Herzegovina 1992.
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ent events/time periods as follows: the 1992 con-
flict in Bosnia and Herzegovina, the 1995 fall of 
Srebrenica, and the 1999 conflict in Kosovo. The 
distribution of skeletal elements received for test-
ing was different among these events.

All three event/time categories showed a pro-
nounced and consistent variation in success rates 
from various elements. Results for 13 556 sam-
ples from 13 different skeletal elements were 
observed in the BH 1992 category (Table 1). 
Femur and teeth samples provided the best suc-
cess rates and they were also the most numerous 
samples in this category. The lowest success rates 
were observed for the samples from the clavicle, 
ulna, and radius. Results for 6855 samples from 
9 different skeletal elements were observed in 
the Srebrenica 1995 category (Table 1). Again, 
femur and teeth samples provided the best suc-
cess rates and they were also the most numerous 
samples in this category. The lowest success rates 
were observed for samples from the ulna and ra-
dius. Results for 4232 samples from 16 different 
skeletal elements were observed in the Kosovo 
1999 category (Table 1). Femur and teeth sam-
ples, once again, provided the best success rates 
and they were also the most numerous samples 
in this category. Also, the lowest success rates 

were observed for samples from the ulna and 
radius. For long bones of the limbs (Table 2), 
success rates were distinctly higher for the low-
er body (femur, tibia, fibula) than for the upper 
body (humerus, radius, ulna).

Overall, there was a slight but discernable 
decrease in the success rate with relation to the 
time since death of the three different victim 
categories (Table 3). This general trend was evi-
dent among all sample types, but was most pro-
nounced for sample types with lower absolute 

Table 1. Summary of types and number of skeletal elements tested in BH 1992, Srebrenica 1995, and Kosovo 1999 sample catego-
ries

BH 1992 Sreberenica 1995 Kosovo 1999 Total

Skeletal
element

No. of
skeletal

elements
tested

Reportable 
DNA 
profiles 

obtained
Success
rate (%)

No. of 
skeletal 

elements 
tested

Reportable 
DNA 
profiles 

obtained
Success
rate (%)

No. of 
skeletal 

elements 
tested

Reportable 
DNA 
profiles 

obtained
Success
rate (%)

No. of 
skeletal 

elements 
tested

Reportable 
DNA 
profiles 

obtained

Success 
rate (with 95% 
confidence 

interval)
Femur   5729 4742 82.77 3459 3130 90.49 2168 1997 92.11 11 356   9869 86.91 (86.29-87.53)
Teeth   4197 3312 78.91 1659 1485 89.51 1107  963 86.99   6963   5760 82.72 (81.83-83.61)
Tibia    821  634 77.22  398  293 73.62  110   82 74.55   1329   1009 75.92 (73.62-78.22)
Fibula     90   49 54.44   38   31 81.58   32   20 62.50    160    100 62.50 (55.00-70.00)
Scapula      0    0  0    0    0  0   35   20 57.14     35     20 57.14 (40.75-73.53)
Mandibular body     66   33 50.00   41   30 73.17   24   11 45.83    131     74 56.49 (48.00-64.98)
Humerus   1329  582 43.79  887  414 46.67  199  120 60.30   2415   1116 46.21 (44.22-48.20)
Vertebra     51   22 43.14    0    0  0   95   69 72.63    146     91 62.33 (54.74-69.92)
Ilium    107   41 38.32    0    0  0   78   57 73.08    185     98 52.97 (45.78-60.16)
Cranium    544  199 36.58   77   35 45.45  136   73 53.68    757    307 40.55 (37.06-44.04)
Metacarpal      0    0  0    0    0  0   18   11 61.11     18     11 61.11 (38.59-83.63)
Metatarsal     91   28 30.77    0    0  0   29   11 37.93    120     39 32.50 (24.12-40.88)
Radius    232   40 17.24  152   45 29.61   85   30 35.29    469    115 24.52 (20.63-28.41)
Ulna    218   37 16.97  144   35 24.31   82   29 35.37    444    101 22.75 (18.85-26.55)
Clavicle     81   13 16.05    0    0  0   47   20 42.55    128     33 25.78 (18.20-33.36)
Total 13 556 9732 71.79 6855 5498 80.2 4245 3513 82.76 24 656 18 743 76.02 (75.49-76.55)
*95% confidence intervals were calculated using the Wald method.

Table 2. Average DNA typing success rates for long bones of 
upper and lower body extremities
Skeletal elements Success rate (%)
Upper body:
 humerus 46.2
 radius 24.5
 ulna 22.8
Lower body:
 femur 86.9
  fibula 62.5
 tibia 75.9

Table 3. Total number of samples tested for each sample age 
category and corresponding success rates of DNA typing*

BH
1992

Srebrenica
1995

Kosovo
1999

Number of skeletal elements tested 14 019 6948 4394
Reportable DNA profiles obtained   9956 5554 3602
Success rate (%)     71   80   82
*The totals here are different than the sum of the different sample types listed in Table 
1 because this table includes samples which were of unknown bone type.
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success rates, such as the humerus, cranium, radi-
us, and ulna. Figure 1 plots success rates for each 
age category for those bone types that were repre-
sented in large sample size for each age category.

Discussion

The high success rates for nuclear STR typ-
ing reported here further confirmed that STRs 
could be considered a method of choice in case-
work with missing persons involving degraded 
skeletal remains. In the past, similar undertak-
ings have primarily been considered the domain 
of mitochondrial DNA (mtDNA) typing due 
to the extreme degree of degradation routinely 
encountered (8,9). More recently, laboratories 
specializing in mtDNA analysis have success-
fully turned to more aggressive STR approach-
es (10,11). Until now, however, there has not 
been a large scale study to guide the selection of 
skeletal elements to maximize the chances for 
success. Such information is of particular im-
portance to human ancient DNA studies, miss-
ing persons casework, and disaster victim identi-
fication response.

The advantage of our data set is its very large 
sample size, although the size is variable among 
different skeletal elements. Large sample size is 
extremely important for dealing with the dif-
ficulties in performing long term experimental 
studies of DNA degradation in bone and prop-
erly controlling for the effect of environmental 
variables. In this study, the effect of environmen-
tal variables was not controlled for at all, since 
the samples originated from a very wide range of 
contexts. For most of the skeletal elements, we 
considered that the sample size is large enough 
to average out the variable effects of the environ-
ment and show relative preservative character-
istics of different bone types. However, it is not 
clear whether this is always true. For example, be-
cause of the lower sample size, the success rate for 
47 clavicle samples (43%) from Kosovo 1999, in 
contrast to 81 samples from BH 1992 (16%), 

may reflect other factors rather than the overall 
rate of degradation which would be expected for 
clavicles over this time period. Unfortunately, 
there is not sufficiently tractable documentation 
of environmental variables associated with the 
submission of samples for ICMP testing to per-
mit a more detailed analysis at this point.

Our study showed that the most success-
ful samples for STR testing were intact teeth 
and mid-shaft sections of femur. Bones that 
performed less well tend to be less dense and/
or have a greater proportion of spongy or diplo-
ic bone (eg, vertebrae, ilium, cranium). Perhaps 
surprisingly, though, there was a marked differ-
ence in success rates between dense compact long 
bones of the lower body and bones of the upper 
body. Upper body extremity samples were tak-
en from the humerus, radius, and ulna, and low-
er body extremity samples from the femur, fibu-
la, and tibia. These results correlate with known 
mid-shaft densities reported in the study by Gal-
loway et al (6), where samples from long bones of 
the upper and lower body were ranked from the 
most to least dense: femur, tibia, humerus, radius, 
ulna, and fibula. The correlation between bone 
density and success rate of DNA typing was con-
firmed for all skeletal elements except the fibula. 
Despite its lower reported density, fibulae consis-
tently showed a higher success rate than humeri, 
radii, or ulnae.

In general, our results are consistent with 
those reported in another study on 1021 skeletal 
samples subjected to mtDNA testing (8). That 
study involved older samples, primarily from the 
Vietnam and Korean War, but reported some-
what higher absolute success rates, due to the 
typing with high copy number mtDNA rath-
er than nuclear DNA. To our knowledge, there 
is no reason why different bones would protect 
mtDNA differently than nuclear DNA, and the 
data are consistent with this expectation. The dif-
ference in success rates between long bones of the 
upper body and lower body were also shown by 
Edson et al (8). However, they listed ribs as the 
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single most successful bone type, with 96% suc-
cess. Our study did not include ribs, since they 
were rarely sampled because of our initial expe-
rience that they are an inferior source of DNA. 
Edson et al explained the high success with ribs as 
a possbile artifact of particular preservation con-
ditions, as all 26 ribs tested in their study came 
from a single case.

Our results were tabulated with respect to 
three different periods of victim death – 1992, 
1995, and 1999. This provides information not 
only on the relative amount of DNA present in 
the various bones, but on the changes in amount 
of DNA over time. We can, therefore, distinguish 
between bones that contain higher amounts of 
DNA at the outset and bones that are intrinsical-
ly better at protecting DNA over time. However, 
the interpretation of these results should be cau-
tionary, as the recovery of remains from all time 
periods has occurred variably over multiple years. 
For example, remains from a 1992 mass grave ex-
humed in 1996 have spent considerably less time 
in the ground than remains from 1995 that were 
exhumed in 2006. Surely, the relevant “age” with 
regard to DNA degradation relates not just to 
time-since-death, but significantly to the condi-
tions experienced during that time. In the field 
of ancient DNA analysis that considers much 
longer periods of time, a notion of “thermal age” 
of a sample has emerged, as opposed to its tem-
poral age (12). Moreover, storage conditions af-
ter exhumation and storage duration prior to test 
were variable, ranging from mortuary facilities 
with little seasonal climate control to refrigerated 
morgues to tunnels in salt mines. Another quali-
fication worth mentioning relates to variations in 
sex and age-at-death of the victims. The structure 
of bone changes with age (6). The elderly experi-
ence loss of bone mass and changes in mineraliza-
tion. It has been reported that skeletal remains of 
elderly show decreased preservation upon burial, 
and men show greater preservation than women 
(13). We did not tabulate the age or sex distribu-
tion of the three victim categories, but 1995 Sre-

brenica victims are distinctive since they are al-
most exclusively men.

Even with the qualifications mentioned 
above, given our large sample sizes and the con-
tinuously ongoing exhumation process from 
all events/time periods, it can be expected that 
there is a general correlation between the time 
period and the “challenge” to DNA preserva-
tion experienced by the samples from that peri-
od. All samples showed a decrease in success with 
increasing time since burial, but this was by far 
most pronounced for samples with lower abso-
lute success. Thus, the success rate of femur sam-
ples dropped from 92% in the 1999 category to 
83% in the 1992 category, retaining 92% of its 
potential for successful typing. In contrast, the 
radius and ulna success rates dropped from 35% 
to 17% over this time, being only ~ 50% as suc-
cessful in 1992 samples as in 1999 samples. An-
other interesting trend was observed with verte-
bra, ilium, and radius/ulna samples. From 1999 
to 1992, vertebra success rates dropped from 
73% to 43%, and the ilium success rates dropped 
from 80% to 38%; both lost about 50% of their 
potential for successful typing. The same pro-
portional decrease was seen for the radius and 
ulna, but these showed much lower absolute suc-
cess rates in both time periods (both falling from 
35% to 17%). It may be that the radius, ulna, ver-
tebra, and ilium experience the same propensity 
to degrade, but that the ilium and vertebrae start 
out with a higher amount of DNA. The ilium 
and vertebra are spongier and may have a high-
er blood and cell content due to increased vascu-
larization, causing them to start out with larger 
amounts of DNA than the radius and ulna, but 
the spongy bone is not as protective of DNA as 
femur and tooth samples.

Our results provide further definitive empir-
ical verification that the densest compact bones 
and teeth are the optimal samples for DNA re-
covery. In many instances, in disaster victim 
identification work or mass graves investigations, 
the individuals, agencies, or teams performing 
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the sampling are not the same as the team that 
will eventually be tasked with DNA testing. We 
would like to urge that the current knowledge of 
preferred sources be universally applied by teams 
involved in sample collection. Field teams are of-
ten deployed on short notice, and find them-
selves working under adverse conditions. This 
makes it all the more imperative that proper 
sampling methods are put into well-established 
guidelines. Presently, it is not uncommon to 
find field teams working without clear methods 
and priorities for sampling or using old guide-
lines that are based more on convenience of sam-
pling than on selection of what we now know are 
the clearly preferable sources. In many instances, 
it is very difficult, time consuming, or impossi-
ble to resample a skeletal element after a sample 
has failed the DNA extraction process. We sug-
gest it is far better to make minor investments in 
equipment and training, and take some addition-
al time during field operations than to front-load 
a costly and time consuming DNA identification 
process with less than optimal samples.
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